Abstract. For the gold nanorods synthesis by seed-mediated method, the overgrowth goes against the shape controlling for the final product. Here, through optimizing the growth solution condition, the nanorods shape could be tuned effectively by just adjusting the seed amount introduced initially. Further, the growth-stop experiment reveals that the final nanorods with different shapes have a similar size parameter at their respective turning points (TP) of the overgrowth process, indicating that all nanorods in solution grow following a common morphology evolution trajectory but terminate at different points, which have certain aspect ratio. Additionally, the morphology evolution of gold nanorods could be simulated quantitatively using the classic chemical dynamic theory, which also opens a pathway to tune the aspect ratio of product accurately.
Introduction
Gold nanorods, with a variable surface plasma resonance band at visiable/NIR, have attracted much attention in many fields, such as thermal therapy [1] [2] [3] , cellar imaging [4, 5] , optical polarizer [6] , drug delivery [7, 8] . Advanced to other anisotropic metal nanoparticles, gold nanorods can be synthesized in mass production just by simple chemical reaction under ambient condition, and the surface plasma resonance band is variable [9] . Even though, lots of efforts, for example, adjusting the reactants concentrations [9, 10] , alter surfactant [11] , reshaping by etching [12] or heating [12, 13] , have been made to optimize the synthesis protocol because of the uncertain morphology of the final products. Actually, for the seed mediated synthesis in solution gold nanorods perform a complicate mechanism. Previous literatures and our studies revealed that the formation of gold nanorods consists of at least two stages: seeds develop into nanorods with fast aspect ratio (AR) increase and subsequently the formed nanorods grow bigger with AR decreasing [14, 15] . Based on this mechanism, we have developed the growth-stop technique to tune the AR of gold nanorods [14] . In brief, by adding chemical inhibitor to deplete the residual gold salt in solution, the growth process was inhibited totally at certain stage and nanorods with desirable shape were obtained. The technique gave an effect controlling on the aspect ratio of final product, however, it leads to a low yield as for the depletion of remainder gold salt.
It is clear that the overgrowth at the second stage should be ascribed to the deposition of remainder gold salt in solution. Thus, if introducing additional seeds to consume the remainder gold atoms, instead of forming clusters under depletion, not only the overgrowth will be inhibited but also the gold salt is utilized fully. And also, the additional seed means more products in solution. Inspired by this idea, an approach to control the AR of gold nanorods by adjusting the seed amount was developed. Additionally, the serial size parameters of the particles also provide an opportunity to insight into the growth mechanism of gold nanorods, which is not clear till now.
Experimental

Materials
Chloroauric acid (HAuCl4), ascorbic acid (AA), sodium borohydride (NaBH4), and silver nitrate (AgNO3) were purchased from Aldrich. Cetyltrimethylammonium bromide (CTAB) was purchased from Alfar. All reagents were used as received. Deionized water (>18.0 MΩ) from a Millipore water purification system was used for all experiments.
Gold Nanorods Synthesis.
For seed synthesis, 0.15 mL of icecold 10 mM NaBH4 was injected into 2 mL of rapidly stirred solution of 0.25 mM HAuCl4 in 0.1 M CTAB. The pale brown solution left for at least 2 h before use to make sure all NaBH4 dissociated. A typical NRs synthesis involves a 2.0 mL aqueous solution consisting of 0.1 M CTAB prepared in a 1 cm quartz optical cell. Also, 50 μL of 20 mM HAuCl4 solution, 20 μL of 10 mM AgNO3, and 28 μL 50 mM AA were added to the cell in turn followed by gentle mixing. AA amount is determined by the [AA]:[HAuCl4] = 3:2 ratio. Seed solution was injected into the mixture under stirring to initiate the growth of gold nanorods. For the aspect ratio controlling, different volumes of seed solution, 7, 20, 30 and 50 μL, was added.
Growth-Stop Performance
To get the morphology information of the particle at the maximal plasma resonance wavelength, growth-stop technique was used: Monitoring the growth solution by repeating spectral measurement, and at the desirewavelength 0.1 mL fresh prepared ice-cold NaBH4(10 mM) was injected into the growth solution under vigorous stirring. More details of the operation have been provided in our previous work [14] .
Measurement
Absorption spectra in the range of 450−900 nm were recorded with a Hitachi 3310 UV−Vis spectrophotometer at room temperature using quartz cell of 10 mm path length. An automatically repetitive measurement has been carried out to record the spectral variation over time, and one spectrum was recorded per-minute with a scan speed of 1200 nm/min. TEM images were acquired with a JEOL JEM-1011 transmission electron microscope. The samples for TEM were centrifuged (10000 rpm × 10 min) twice to remove the surfactant, and redispersed into water.
Results and Discussion
In present work, the synthesis of gold nanorods follows the traditional seed-mediated protocol [9] with modification: 0.5 mM HAuCl4, 0.75 mM ascorbic acid and 0.1 mM silver nitrate in 0.1 M CTAB (See Experimental section for details). Noteworthily, the ratio of HAuCl4 to ascorbic acid of 1:1.5 makes sure that gold salt can be reduced into atoms totally. Fig. 1 gives a series of representative absorption spectra of the final growth solution, where varying seeds solution addition, 7, 20, 30, and 50 μL results in various longitudinal plasmon resonance peaks located around 650, 700, 750 and 800 nm, respectively, exhibiting strong dependence of the longitudinal plasmon resonance (LPR) on the seed amount applied. Furthermore, from the corresponding TEM images (Fig.2 ) the well-defined rod-shaped particles are observed, and their averaged length and width can be achieved through the statistical analysis of the images, giving the values of 45.1×20.4 nm, 38.8×13.6 nm, 36.8×11.7 nm, and 32.0×9.0 nm. This result demonstrates the feasibility of the aspect ratio tuning via seed amount. Juncheng and coworkers found that longer aging time of the seed solution results in gold nanorods with lower aspect ratio and shorter plasma resonance wavelength [16] . This is in consistent with our results, as for the long aging process does result in aggregation of the synthesized seed, which leads to decreasing of the seed number in solution. Despite the discrepancy of the particle size, the yield of Au atom should be the same in theory. Suppose every seed in the solution hasa an opportunity to become a nanorod and all gold precursors in solution have been deposited on nanorods, the following relationship could be given:
Where Vrod is the average volume of nanorod, ρrod is the density, Vseed is the volume of seed solution added (proportional to seed number), cseed is the seed concentration, and MAu is the gross mass of gold precursor (the same for four cases). According to the parameters of size (Fig.2) and Advances in Engineering Research, volume 110 seed solution volume above, the ratios of Vrod × Vseed for the four samples are A:B:C:D=1.10:1.07:1.13:0.97, demonstrating the same yield (~1) in four cases. Unfortunately, we failed in elucidating the quantitative relationship between the seed solution volume and particle size here, because the seed concentration is unknown.
To exploring the growth mechanism, the real-time spectral monitoring has been used to follow the growth process. In agreement to previous report [14, 17] , the spectra perform a fast red shift firstly and then a gradual blue shift, reaching final products with different LPR bands. Obviously, the blue shifts are corresponded to the AR decreasing, which should be attributed to the overgrowth [14, 18] , i. e. a process that the rods become fat from slender ones. Interestingly, a same turning wavelength at 840 nm was observed in four cases. Further, to get the morphology of nanorods at the turning point, the growth-stop technique [14] was used timely at the maximal LPR wavelength to inhibit the deposition. Fig.4 shows the spectral evolutions before growth-stop and corresponding TEM images of the collected particles. Here, for four cases A, B, C, and D, the identical initial conditions corresponding to those in Fig. 1 and Fig. 2 have been applied. Further, the size statistics based on the TEM images (Fig.3) give the size parameters at length × width: 27.0×7.9 nm, 26.4×8.4 nm, 27.4×8.2 nm and 27.6×7.8 nm for A, B, C, and D, respectively. This closed values suggest that in four systems the gold nanorods passes through a common point, at which the particles have the same morphology. That is to say, the serial final products of different sizes in Fig.2 are the results of growth from ones with the same morphology. Further, taking account into the whole spectral evolutions (Fig.3) , before the TP particles perform growth from seeds into slender rods (red-shift LPR), then after that the as-formed nanorods become bigger and fatter (blue-shift LPR). On the other hand, despite of the seed concentration varying in four cases, for each seed in solution, it has the totally identical initial micro-environment, i.e. the same solvent surrounding and the same reactants concentration. Having the same initial environment and then passing through a common critical point, it is logically predicated that all gold nanorods grow along a common growth trajectory, which figures out the morphology evolution of individual nanorods. Easily understanding, the variation of the final morphology is because of the exhaustion of gold precursor in solution, which defines the termination position of growth on the trajectory. For easy composition, all size data are summarized in table 1. Table 1 . Summary of the gold nanorod size parameters in Fig.2 (final nanorods) and Fig.4 It is known that the single crystal gold nanorod has octagonal column morphology, with alternated {100} and {110} lateral facets [19] , but Enrique and coworkers observed a higher-index lateral facets{250}, and predicted a plausible transition from the {250} to {110} [20] . This is very probably relevant to the two-stage growth model above, in which nanorods before and after the TP have different type of lateral facets, {250} and {110}, respectively. It is clear that the rod-shape formation is due to the difference of deposition rate on lateral and end facets [21] , i.e. the fast deposition rate on the{250} lateral facets and relatively slower one on the {111}end facets. The consequent AR decreasing should be also ascribed to the relative slow rate on the {110} facet than
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{250}. Kinetically, the facet transition from {250} to {110} should be a successive and gradual process, which thus leads to a spectral evolution above [22, 23] . Scheme 1. Size parameters of the gold nanorod.
Actually, the growth process is a redox reaction of gold salt and ascorbic acid on the surface of nanoparticle [24] , with product of gold atoms, which result in the size increasing of the nanorods. Therefore, the growth dynamics can be modeled by calculating the deposition rate along the longitudinal and transverse axils respectively according to chemical reaction dynamics functions [25] :
3+
] is the concentration of gold precursor in form of AuBr2 1- [25, 26] , and [AA] is the ascorbic acid concentration. According to the Arrhenius' equation which describes the basic chemical kinetics [27] , kr and kh should be an exponential function of the activation energy ΔG. As known, the growth process can be looked as a self-catalystic reaction, in which the reaction of AuBr2 1-and AA is under catalysis of the surface of gold nanorods. This process is complicated, however, it should be a relative to the surface form crystal surface activity energy(ΔGsae), ) / exp(
As discussed above, with the particle growth and facet transition from {250} to {110}, its surface activity energy is charging gradually. Here, suppose latticactivity energy takes linear decreaseupon radius increase,
Where, kr ' is the decrease rate ofΔGsae upon r increasing, with unit of J.mol -1 .nm -1 , and r0, w0 the initial value of radius and width of nanoparticles, ΔGsae 0 , surface energy when r=r0. Therefore, equation 1 can be written as, kr=kr0 when r=r0, i.e. w=w0 . In addition, due to the invariable end facet {111}, the end activity energy is constant, and kh is also constant kh=kh0. According to Equ. 2 and Equ.3, the relationship between length and width can be achieved
Where l0 and w0 are the initial size parameters of particle, i.e the seed diameter,l0 = w0 = 3 nm [28, 29] . Actually, the small values of l0 and w0 really bring about little effect on the final particle size estimation. Reaction temperature T=300 K.
Eq. 4 gives a relationship between the length and width during growth process. As discussed previously, each particle in solution has the same growth trajectory, in spite of the different terminal point due to variation of average amount of gold atoms on each seed. Therefore, the size parameters of the synthesized nanorods here should all obey the relationship of equation 4. To test this hypothesis, the parameters of length and width (Table 1) our prediction on the growth mechanism. Here, the higher ratio of the initial rate (kh0/kr0= 7.1) shows that for seeds the growth rate at the both ends is much faster than that of the later facet, thus resulting in the formation of slender rods from seed (l0 = w0 = 3 nm).However, the exponential increasing of kr results in the rate ratio decreasing(kh/kr<7.1) and correspondingly aspect ratio decreasing with a maximal AR=3.4. Since the average atom number on individual nanorod is statistically negative proportional to seed amount, the seed amount may determine the position on the trajectory, where the precursor exhausts, the growth terminates and the particles have certain AR. In addition, the aspect ratios driven from the fitting data are shown in Fig.5 , and a turning point as a function of width can be observed clearly, with highest AR=3.4, in agreement with previous report [28] . According to the simulation, the corresponding aspect ratio data as function of the width can be generated, as shown in Fig. 5 . Here aspect ratio shows range from the maximal value 3.4 to 2 or smaller, that is to say, we can synthesize gold nanorods with any aspect ratio within this region just by adjusting the seed amount. Further studies to elucidate the quantum relation between seed amount and finial particle morphology are in progress. fig.2 and fig.4 , the fitting curve using equation 4 and aspect ratio calculated based on the fitting data. TP: turning point.
Summary
In conclusion, we explored the growth mechanism of gold nanorods by adjusting the seed amount, which can tune the aspect ratio of particle effectively. Our results show that during the growth process, gold nanrods, reaching various final morphologies, pass turning point with common size parameters. Further, the kinetics analysis demonstrates that each nanorod in solution grows along the almost same trajectory, which plots the relationship of length and width. The aspect ratio tuning by seed can be ascribed to the growth termination at the different position on the trajectory. This study also indicates of the possibility of quantitative control of gold nanorod aspect ratio.
